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Hannover, Hannover, GermanyABSTRACT ClC-4 is a secondary active transporter that exchanges Cl ions and Hþ with a 2:1 stoichiometry. In external
SCN, ClC-4 becomes uncoupled and transports anions with high unitary transport rate. Upon voltage steps, the number of
active transporters varies in a time-dependent manner, resembling voltage-dependent gating of ion channels. We here inves-
tigated modification of the voltage dependence of uncoupled ClC-4 by protons and anions to quantify association of substrates
with the transporter. External acidification shifts voltage dependence of ClC-4 transport to more positive potentials and leads to
reduced transport currents. Internal pH changes had less pronounced effects. Uncoupled ClC-4 transport is facilitated by
elevated external [SCN] but impaired by internal Cl and I. Block by internal anions indicates the existence of an internal
anion-binding site with high affinity that is not present in ClC channels. The voltage dependence of ClC-4 coupled transport
is modulated by external protons and internal Cl in a manner similar to what is observed under uncoupling conditions. Our
data illustrate functional differences but also similarities between ClC channels and transporters.INTRODUCTIONClC channels and transporters are present in almost all
prokaryotic and eukaryotic cells and fulfill a variety of
physiological functions. Four human isoforms, ClC-1,
ClC-2, ClC-Ka, and ClC-Kb, represent anion channels. The
remaining ones (ClC-3–ClC-7) function under physiological
conditions as anion-proton exchangers (1). Channel-medi-
ated transmembrane anion flux regulates cellular excitability
(2–4) andmediates epithelial salt transport (5–9). In contrast,
ClC transporters contribute to pH regulation in various
intracellular compartments (10–13).
ClC transporters can also mediate uncoupled anion
transport in polyatomic anions or decreased external
pH (14–16). Uncoupled ClC anion transport has been
described thermodynamically as slippage mode, facilitated
diffusion with very high transport rate, or as channel
conductance. However, the underlying mechanisms of
uncoupling still remain elusive. For ClC-4, we described
a sequence of increased uncoupling potency of external
anions in the order I < Br < NO3
 <SCN. This
sequence correlates with the apparent external binding
affinity of the transport substrates to the transporter (14).
Similar data was reported from calorimetric studies on
the bacterial ClC transporter homolog ClC-ec1 showing
weaker binding for uncoupling anions when compared to
Cl (17).
Voltage-dependent gating in ClC channels has been
intensively studied. Its physiological importance is illus-Submitted June 9, 2010, and accepted for publication January 24, 2011.
*Correspondence: alekov.alexi@mh-hannover.de
G. Orhan’s present address is Abt. Neurologie mit Schwerpunkt Epilepto-
logie, Hertie Institut fu¨r Klinische Hirnforschung, Universita¨tsklinikum
Tu¨bingen, Hoppe-Seyler-Str. 3, D-72076 Tu¨bingen, Germany.
Editor: Tzyh-Chang Hwang.
 2011 by the Biophysical Society
0006-3495/11/03/1233/9 $2.00trated by several disease-causing mutations (4,18–20).
ClC channel gating displays various unique features.
There are two structurally distinct gating processes that
reflect the double-barreled architecture of these channels,
protopore gating and common gating (21–24). In addition,
a substantial number of channels remain open even at
extreme voltages (25–27) deviating from standard Boltz-
mann behavior. Lastly, ClC channel gating is intimately
coupled to the concentration of permeant anions and pH
(25,26,28–31). Gating of ClC channels developed prob-
ably from conformational changes in a Cl/Hþ antiport
cycle (31,32). In particular, they seem to function as
broken transporters in which one of the conformational
states is characterized with high conductance for anions
(31,33).
ClC transporters, such as ClC-3, ClC-4, and ClC-5,
exhibit pronounced time- and voltage-dependent alteration
of current amplitudes (16,34–37). Noise analysis on ClC-4
under uncoupling conditions (14) and on coupled ClC-5
transport (16) revealed that time-dependent changes in the
current amplitudes upon voltage steps are due to alterations
in the number of active transporters, resembling the gating
processes observed in ion channels.
We here study the effects of anions and protons on
voltage-dependent gating of ClC-4 under uncoupling
conditions to quantify interactions of the transport sub-
strates with the transporter protein. This approach has
been taken for various neurotransmitter transporters (38–40)
as well as for ion channels evolved from transporters (32).
Moreover, it allows direct comparison with mammalian
ClC channels for which the modification of channel gating
by anions and protons has been extensively studied.doi: 10.1016/j.bpj.2011.01.045
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Cell culture
HEK293 cell lines, stably expressing hClC-4 (36), were cultured in stan-
dard modified Eagle’s medium supplemented with 10% fetal bovine serum
and 900 mg/mL Geneticin (G418; Invitrogen, Karlsruhe, Germany). Two
different oligoclonal cell lines with indistinguishable functional character-
istics were used.
Mammalian cells often express endogenous anion channels. However,
we recently demonstrated that endogenous HEK293 currents do not inter-
fere with the characterization of ClC-4 gating in stably transfected cells,
as their amplitudes are much smaller than ClC-4-mediated currents (14).Electrophysiology
Standard whole-cell patch-clamp (41) was performed using an Axopatch
200B (Axon Instruments, Union City, CA) and HEKA EPC-10 (HEKA,
Lambrecht, Germany) amplifiers. Borosilicate pipettes were pulled with
resistances of 1–2 MU. Capacitive artifacts and series resistance errors
were reduced by capacitance cancellation and series resistance compensa-
tion. The calculated voltage error due to series resistance was <5 mV.
Currents were digitized with 100 kHz sampling rate after 5 kHz analog
filtering. The composition of the standard solutions was 1), extracellular
145 mM NaSCN, 4 mM KSCN, 2 mM CaCl2, 1 mM Mg(Gluconate)
2,
and 5 mM HEPES, pH 7.4; and 2), intracellular 95 mM NaI, 2.5 mM
MgCl2, 2.5 mM Na2ATP, 5 mM EGTA, and 10 mM HEPES, pH 7.4. For
variation of pH, HEPES was replaced on equimolar basis with MES
(2-(n-morpholino)ethanesulphonic acid) or AMPSO (n-(1,1-Dimethyl-2-
hydroxyethyl)-3-amino-2-hydroxy-propanesulfonic acid). For experiments
with different anion concentrations, intracellular I or extracellular
SCN were substituted on an equimolar basis with Cl or Gluconate. In
all experiments, we used external and internal agar salt bridges made
from plastic tubing filled with 3 M KCl in 0.8% agar to connect the
Ag/AgCl electrodes to the bath/pipette solution. Junction potentials were
calculated using the JPCalc module in Clampex (Axon Instruments) (42)
and corrected.Data analysis
Data were analyzed with Clampfit 8 (Axon Instruments), FitMaster
(HEKA), Origin 6 (OriginLab, Northampton, MA), and EXCEL (Micro-
soft, Redmond, WA). Time constants were obtained from exponential fits
of the ClC-4 current time course. Instantaneous current amplitudes were
resolved by extrapolating monoexponential fits of the initial activation
time course to the voltage step and subsequently normalized to one. Voltage
dependence of activation was described as a Boltzmann function
Popen ¼ PSS þ 1 PSS
1þ eðVV0:5Þ=k;
with PSS being the minimum open probability and V0.5 the midpoint of acti-
vation. The slope factor (k) is equivalent to RT=zF, with z denoting the
apparent charge moved during the voltage-dependent transition, and R, T,
and F representing the universal gas constant, absolute temperature, and
the Faraday constant, respectively. The voltage dependence of the rate
constants was assumed to follow the Eyring law:
a ¼ a0ecV :
Assuming a simple C 4 O gating model with forward and backward
rate constants a and b, the voltage dependence of the time constants (t)
was fitted with the inverted sum of two exponential functions with
opposite argument sign ðt ¼ 1=ðaþ bÞÞ: All summary data are shown as
mean5 SE.Biophysical Journal 100(5) 1233–1241RESULTS
Voltage-dependent gating of uncoupled hClC-4
In native cells, ClC-4 is located mainly in intracellular
compartments. However, heterologous expression in
mammalian cells results also in surface insertion and permits
whole-cell ClC-4 current recordings (14,36). External SCN
results in a significant number of ClC-4 proteins operating in
an uncoupled slippage mode with unitary transport rates
much larger compared to those remaining in the coupled
transporter mode. Therefore, anion currents are dominated
by uncoupled transport which allows characterization of
this particular functional mode of ClC-4 without significant
contamination due to coupled ion transport. Internal iodide
slows down ClC-4 kinetics and therefore greatly improves
the temporal resolution of the measurements (14,36).
Fig. 1 shows the time- and voltage dependence of anion
currents from mammalian cells stably expressing human
ClC-4 measured in external SCN and internal I. ClC-4
currents are small at negative voltages but exhibit an instan-
taneous rise followedby a slower activation at potentials posi-
tive to þ40 mV (Fig. 1 A). We recently demonstrated that
under these conditions current activation is due to changes
in the number of active uncoupled transporters (14). To deter-
mine the number of active transporters at a given voltage we
employed a procedure that was originally developed to quan-
tify steady-state open probabilities of ion channels. We used
tail current protocols consisting of conditioning prepulses to
reach steady state at the voltage of interest, followed by
a constant test pulse to þ120 mV (Fig. 1 A). Tail current
analysis might be complicated by the existence of capacitive
currents that were recently reported for ClC-5 (43).We tested
whether such currents exist also for ClC-4 but could not
observe any under our experimental conditions (see Fig. S1
in the Supporting Material).
Because the unitary transport rate at the test pulse and the
number of transporters per cell are not affected by the pre-
pulse potential, plotting the instantaneous tail current ampli-
tude at the test step versus the preceding potential provides
the relative number of active transporters (Fig. 1 B). Hence-
forth, we will use the term ‘‘transport probability’’ for the
probability of a transporter to reside in an active transport-
ing state and the term ‘‘activation’’ for the transition from
an inactive into an active transporting state.
The voltage-dependent transport probability of the depo-
larization-activated gating process of ClC-4 can be fitted
with a Boltzmann curve with nonzero open probability.
We also observed a slight but distinct increase in the tail
current amplitudes at negative voltages which demonstrates
the existence of a second independent process, activated
with hyperpolarization. This process is uncovered and better
observed when depolarizing prepulses are applied to recruit
additional transporters from the silent nontransporting state
(due to the depolarization-activated gating process; see
Fig. S2).
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FIGURE 1 Depolarization and hyperpolarization activated gating of
ClC-4. (A) Voltage protocol and representative ClC-4 whole-cell currents
in internal I and external SCN solutions. (B) Voltage dependence of the rela-
tive open probability of ClC-4 measured under the same conditions as in
panel A (n ¼ 6). (Solid lines) Fit with Boltzmann function. Optimization
was performed in two separated voltage regions: 195 mV to 15 mV
(squares, V0.5 ¼ 137 mV; k ¼ 39 mV) and 15 mV to þ185 mV
(circles, V0.5 ¼ 93 mV; k ¼ 25 mV), respectively. (C) Voltage dependence
of hClC-4 activation time constants obtained from exponential fits of
current traces measured under conditions shown in panel A (n ¼ 7).
(Line) Fit with exponential functions (see Materials and Methods and Table
S1). (Stars) Values that are statistically different at the level of 0.05. (D)
Voltage protocol and representative ClC-4 whole-cell current traces used
to characterize ClC-4 deactivation. (E) Time course of ClC-4 deactivation
at three different voltages (n ¼ 6–9). (Solid lines) Exponential fits to the
data (Table S2). (F) Voltage-dependence of deactivation time constants
(n¼ 5–10). The value tD denotes the dominant time constant at depolarized
potentials and tH denotes the time constant observed only at hyperpolarized
potentials. (Lines) Fits with exponential functions (see Materials and
Methods and Table S1).
ClC-4 Gating 1235At voltages positive to þ70 mV, time courses of activa-
tion can be well fitted with exponential functions (Fig. 1 C).
The voltage dependence of the dominant activation time
constant represents a bell-shaped curve with a maximum
around the midpoint of the ClC-4 activation (~100 mV).
This behavior is well described by a two-state voltage-
dependent gating scheme (C 4 O) with one silent, non-
transporting state (C) and one active, transporting state
(O). The relaxation time constants (activation or deactiva-
tion) are proportional to
1
aþ b;with a and b being the opening and closing rate constants
(see Fig. 1 C, and Table S1 in the Supporting Material).
The strong rectification of ClC-4 currents makes direct
observation of current relaxations at negative voltages
difficult. Therefore, we employed envelope protocols consist-
ing of a 50-ms activating step toþ150 mV, followed by deac-
tivating pulses of constant voltages but variable duration
(Fig. 1 D). For this protocol, the current amplitude immedi-
ately after the preconditioning pulse is proportional to the
number of ClC-4 transporters not deactivated by the afore-
mentioned pulse.Therefore, plotting the instantaneous current
amplitude at the consecutive test step toþ150 mV versus the
variable prepulse duration provides the time course of ClC-4
deactivation (Fig. 1 E). Deactivation time courses at voltages
positive to 0 mV could be well fit with a monoexponential
function. At negative voltages, a biexponential function was
required to obtain satisfactory fits (Fig. 1, E and F). This
approach allows measuring ClC-4 time constants in a broad
voltage range between 150 mV and þ100 mV. One of the
time constants increases while the other one decreases with
depolarization (Fig. 1 F). Deactivation is very fast at negative
voltages with time constants as low as 150 ms. However, these
rapid relaxations are still slower than the temporal resolution
of our system (see Fig. S3).
The data depicted in Fig. 1 and Fig. S2 suggest that under
uncoupling conditions ClC-4 exhibits two distinct gating
processes, one activated by membrane hyperpolarization
and another by depolarization. In the following, we focus
our investigations on the gating processes in the positive
voltage range, where the depolarization-induced gating
process can be easily separated allowing detailed electro-
physiological investigation.Modulation of ClC-4 gating by extracellular
anions
To describe the dependence of ClC-4 transporter function on
the concentration of transported substrates under uncou-
pling conditions, we modified anion and proton concentra-
tions and investigated the time and voltage dependence of
the macroscopic ClC-4 currents (Figs. 2–4). Substitution
of external SCN with Gluconate on an equimolar basis
(reducing [SCN]) significantly shifts the activation curve
of ClC-4 to more depolarized potentials approximately by
30 mV (Fig. 2 A and Table S3). We previously demonstrated
that changes in [SCN]ext do not modify the number of un-
coupled ClC-4 transporters (14). The observed changes in
voltage dependence thus exclusively report alterations of
the depolarization-activated gating process.
The Boltzmann parameters V and z for the half-maximal
activation voltage and the apparent gating charge provide
the energy difference DG ¼ zFV0.5 between the open and
closed states (44), with F denoting the Faraday constant.
According to this calculation, elevated external anion
concentrations lower the energy barrier for ClC-4 activationBiophysical Journal 100(5) 1233–1241
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FIGURE 3 Internal anion dependence of ClC-4 gating. (A) Relative open
probabilities of ClC-4 at different internal [I]. The internal solution con-
tained I and Gluconate at variable concentrations; the external solution
is 149 mM SCN. (Solid lines) Boltzmann fits to the data with parameters
given in Table S4. (B) Voltage dependence of ClC-4 fast relaxation time
constants (deactivation and inset, activation) at various internal I concen-
trations (n ¼ 4–12). (Lines) Fits with exponential functions (see Materials
and Methods). (C) Linearized dependence of the midpoint of activation of
ClC-4 on internal [I] and [Cl]. Parameters for ClC-4 activation measured
with internal Cl are given in Table S5. (Lines) Fits with Eq. 1.
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FIGURE 2 External SCN dependence of ClC-4 gating. (A) Relative
open probability of ClC-4 at different external [SCN]. The internal solu-
tion contained 95 mM I, the external solution SCN and Gluconate at
variable ratios. (Solid lines) Boltzmann fits to the data with parameters
given in Table S3. (B) Apparent energy (DG) associated with the voltage-
dependent gating transition described by the activation curves in panel A.
(Line) Fit with a standard Hill equation with KD ¼ 32 mM. (C) Voltage
dependence of ClC-4 fast relaxation time constants (deactivation and inset,
activation) at various external SCN concentrations (n¼ 5–14). (Lines) Fits
with exponential functions (see Materials and Methods).
1236 Orhan et al.(Fig. 2 B). Time constants of activation and deactivation are
very slightly changed in the investigated voltage range
(Fig. 2 C).Modulation of ClC-4 gating by intracellular anions
We next studied ClC-4 gating at different internal iodide
concentrations. Reduced intracellular anion concentrations
shift the ClC-4 steady-state activation curve to more nega-
tive potentials (Fig. 3 A and Table S4). Internal anions
also modulate ClC-4 kinetics: increasing internal [I] shifts
the voltage dependence of activation and deactivation time
constants to more depolarized potentials (Fig. 3 B). Again,
this maneuver does not alter the ratio of transported anions
to protons and thus does not interfere with the uncoupling
action of external SCN (Fig. S4).
The measured shifts in the activation curves are not
caused by slower activation time constants. Prolonged pre-
pulse durations do not result in changed activation parame-
ters (Fig. S5), indicating that steady-state conditions are
always attained for all intracellular concentrations.
A simple model, which can be used to describe such
behavior, is a three-state model of voltage-dependent block:
C O
A
-
Internal
C
B
(SCHEME 1)Biophysical Journal 100(5) 1233–1241In this model, the occupation of an internal binding site by
an anion (state CB) leads to closure or block of transport.
The probability that a specific site at electric distance d is
not occupied by an internal ion A with charge z (expressed
in elementary charges e) can be expressed as
PNOC ¼ 1
1þ ½AIN
KDð0Þ exp
zdFV
RT
; (1)
where KD(0) denotes the dissociation constant at 0 V, and F,
R, T, and V denote the Faraday constant, the universal gas
constant, the absolute temperature, and the transmembrane
voltage, respectively (44,45). Assuming a weak voltage
dependence of the C-O transition or a much faster opening
than closing of the unblocked transporter (e.g., for transition
rate constants kCO >> kOC) will predict a linear relation
between the half-maximal voltage of activation and the
logarithm of the anion concentration (Fig. 3 C) (44). A
linear fit allows the extraction of the anion-binding affinity
of ClC-4 at 0 mV (KD(0)) (the interception point with the
concentration axis), providing a very small value for internal
I (~90 mM). The observed effect is not specific for iodide,
but is also observed in analogous measurements in external
SCN and variable intracellular [Cl]. Increasing internal
[Cl] also shifts ClC-4 activation curves to more positive
potentials (Fig. 3 C and Table S5). The corresponding value
for the binding affinity of internal Cl is approximately one
order higher (~800 mM). The application of Eq. 1 for
Scheme 1 requires making certain assumptions; therefore
the here-calculated values provide only upper estimates
for the internal anion-binding affinities.
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FIGURE 5 Voltage dependence of coupled ClC-4 transport. (A) Voltage
protocol and representative ClC-4 whole-cell currents in symmetric Cl
solutions. (B) Voltage dependence of the relative open probability of
ClC-4. (Solid lines) Fits with Boltzmann function (n ¼ 6). Optimization
was performed in two separated voltage regions: 195 mV to 15 mV
(squares, V0.5 ¼ 121 mV; k ¼ 23 mV) and 15 mV to þ165 mV
(circles, V0.5 ¼ 73 mV; k¼ 21 mV), respectively. (C and D) Voltage depen-
dence of the relative open probability measured with reduced external and
internal [Cl], respectively (substituted with Gluconate, n ¼ 4, 5).
(Dashed lines) Fits of ClC-4 open probability as depicted in panel B
(V0.5 ¼ 72 mV, k ¼ 22 mV for 75 mM external [Cl] and V0.5 ¼ 17 mV,
k ¼ 35 mV for 5 mM internal [Cl], respectively).
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FIGURE 4 Internal and external pH dependence of ClC-4 gating. (A)
Relative open probability of ClC-4 at different external pHs. The internal
solution contained 95 mM I (pH 7.4), the external 149 mM SCN. (Solid
lines) Boltzmann fits to the data with parameters given in Table S6. (B)
Voltage dependence of the fast relaxation time constants of ClC-4 (deacti-
vation and inset, activation) at various external pH values (n ¼ 5–15).
(Lines) Fits with exponential functions (see Materials and Methods). (C)
Relative open probabilities of ClC-4 at different internal pHs. The internal
solution contained 95 mM I; the external solution contained 149 mM SCN
(pH 7.4). (Solid lines) Boltzmann fits to the data with parameters given in
Table S7. (D) Voltage dependence of ClC-4 fast relaxation time constants
(deactivation and inset, activation) at various internal pH values (n¼ 4–12).
(Lines) Fits with exponential functions (see Materials and Methods).
ClC-4 Gating 1237Modulation of ClC-4 gating by internal and
external pH
We next measured ClC-4 gating under various intra- as well
as extracellular pH values. Raising extracellular pH leads to
a left shift in the voltage dependence of ClC-4 activation
(Fig. 4 A and Table S6). Activation was significantly slowed
by increased extracellular proton concentration (Fig. 4 B).
We next performed analogous measurements with varia-
tion of the internal proton concentration. Variations of intra-
cellular pH in the range from 6 to 8.2 under uncoupling
conditions leave steady-state activation curves of ClC-4
unaltered (Fig. 4 C and Table S7). Both activation and
deactivation time constants were moderately slowed upon
internal acidification (Fig. 4 D). Therefore, gating of
ClC-4 under uncoupling conditions only slightly depends
on the internal concentration of protons.Voltage dependence of the coupled transport
of ClC-4
Lastly, we performed measurements in external and internal
Cl, a condition resulting in ClC-4 mediating coupled
antiport of anions and protons. Applying voltage stimulus
protocols, similar to those depicted in Fig. 1, revealsthe existence of tail currents at the constant voltage
ofþ120 mV (Fig. 5 A). Plotting the instantaneous amplitude
of these currents versus the voltage of the preceding condi-
tioning pulse reveals distinct activation, both at negative and
at positive voltages with a nearly flat region between
60 mVandþ60 mV (Fig. 5 B). At present, the mechanistic
bases of time-dependent changes in transporter currents are
not known. For ClC-5, Zdebik et al. (16) reported that such
time-dependent changes also occur in the coupled mode. We
therefore assume that the same holds true for ClC-4.
Boltzmann analysis for ClC-4 exchangers is similar to the
one obtained for the conductance of ClC-4 under uncou-
pling conditions. In analogy, fits with Boltzmann functions
might be used to describe the voltage-dependence of
coupled transport.
To identify further similarities and possible differences
between the voltage dependence of ClC-4 coupled transport
and ClC-4 transport under uncoupling conditions, we per-
formed measurements at variable ionic concentrations.
Lowering external pH led to strong shift of the ClC-4 trans-
port activation to more positive potentials (Fig. S6). The
magnitude of this shift did not allow resolving the upper
part of the expected Boltzmann curve and more quantitative
description of the observed effects.
Changes in external Cl did not shift activation of ClC-4
transport (Fig. 5 C). In contrast, decreased concentration ofBiophysical Journal 100(5) 1233–1241
1238 Orhan et al.internal anions led to a pronounced left-shift of the activa-
tion of ClC-4 transport (Fig. 5 D). This altered voltage
dependence results in higher ClC-4 transport currents at
depolarized potentials near zero mV (Fig. S7).DISCUSSION
ClC-4 exhibits pronounced time- and voltage-dependent
changes in current amplitude. Under uncoupling conditions,
these changes are based on altered numbers of active trans-
porters -resembling gating of ion channels (14). We here
studied under uncoupling conditions the gating properties
of human ClC-4 at different internal and external anion and
proton concentrations. Our investigations provide insights
into interactions of the transported substrates with mamma-
lian ClC-type anion transporters.Voltage-dependent gating in ClC transporters
Time- and voltage-dependent changes have been studied for
ClC-4 and ClC-5 by three independent groups (14,16,43,46).
Based on noise analysis and substrate concentration
dependence, we interpreted the time- and voltage depen-
dence of uncoupled ClC-4 transport as change in the number
of open and closed channels (14). Zdebik et al. (16) proposed
a similar gating mechanism for coupled transport activity
of ClC-5. They postulated burstlike transporter activity
originating from a voltage-dependent gating process that
causes ClC-5 to reside in either an active transporting or an
inactive, nontransporting state. These authors suggested
that within each burst, transport is very fast, resulting in
discrete microscopic current events, resembling opening
and closing of ion channels with averaged single channel
conductance.
Both models imply that transporter gating can be mathe-
matically described using the classical framework devel-
oped for ion channels without imposing scientific bias.
These two models are technically identical, indicating that
our analysis can be used for channel as well as for mecha-
nistically undefined slippage modes. The analysis of this
study does not require exact knowledge about the under-
lying transport mechanisms and does not aim to distinguish
between a channel or transporter interpretation of the un-
coupled mode in ClC-4.Separation of coupled and uncoupled ClC-4
currents
To study ClC-4 under uncoupling conditions we used SCN
as sole permeant external anion. This maneuver results in
more-than-tenfold excess of uncoupled ClC-4 anion
currents. With internal iodide, this proportion is slightly
higher (Fig. S4). Therefore, the different unitary transport
rates allow determining properties of the uncoupled ClC-4Biophysical Journal 100(5) 1233–1241transport in isolation, even though a number of ClC-4
proteins might still function as coupled transporters (14).
With Cl as sole permeant anion, ClC-4 functions exclu-
sively as coupled transporter (14). Changed ionic conditions
might theoretically lead to different degree of uncoupling of
ClC-4 in addition to the described gating alterations.
However, we have already demonstrated that variation of
external [SCN] does not change the number of transporters
detected by noise analysis (14). Moreover, similar measure-
ments with internal I revealed no changes in the coupling
stoichiometry (Fig. S4). Taken together, these results indi-
cate that (under our experimental conditions) changes in
the concentration of the permeant anions do not modify
the uncoupling action of external SCN—therefore permit-
ting accurate determination of gating alteration of coupled
transport and of transport under uncoupling conditions.Gating of uncoupled ClC exchangers
The anion-proton exchanger ClC-4 can exhibit defined
voltage dependence (14). We report data showing that
some properties of ClC-4 gating under uncoupling condi-
tions resemble gating of ClC channels. First, the apparent
gating charge associated with depolarization-induced gating
of ClC-4 (~1.3e, see Fig. 1) is very similar to values
obtained for the fast gating process of ClC channels
(25,26,29). Second, activation of uncoupled ClC-4 deviates
from the canonical Boltzmann behavior in exhibiting non-
zero open probability at extreme voltages. Lastly, ClC-4
gating is modulated by external anions (Fig. 2) in a manner
that resembles ClC channel behavior.
The depolarization activated gating process of ClC-4 is
characterized by a nonzero open probability at negative volt-
ages (Fig. 1 and Fig. S2). Such behavior can be described
only by a gating scheme containing at least two separate
pathways of activation with opposite voltage dependence
(25,26). Simplistically, this behavior can be depicted using
the following scheme:
C1/
D
O)
H
C2 (SCHEME 2)
with pathways (D) and (H) activated by depolarization and
hyperpolarization. Applying voltage pulses at depolarized
potentials would increase the population of proteins acti-
vating along the (D)-pathway and decrease the population
along the (H)-pathway. However, ClC-4 behaves differently:
preconditioning pulses at depolarized potentials markedly
enhance the transport probability at negative voltages
(Fig. S2). Therefore, we conclude that ClC-4 gating is
controlled by at least two distinct processes with different
voltage dependences.
Gating of ClC channels is currently thought to occur by
a degraded transporter mechanism. In a previous work
(14), we proposed a schematic transporter mechanism
for uncoupling of ClC-4 by polyatomic anions. In this
ClC-4 Gating 1239mechanism, anions different from Cl tend to lock the ClC
transporters in a longer lasting permeable conformation de-
pending on the applied voltage. The complexity of ClC-4
gating under uncoupling conditions, however, suggests
that at least one additional voltage-dependent gating process
exists. Similarly to ClC channels, the voltage dependence of
these processes might originate from proton- or anion
binding.Dependence of ClC-4 gating on extracellular
and intracellular anion concentration
Under uncoupling conditions, voltage-dependent gating of
ClC-4 is modified both by intracellular and extracellular
anions. External anions promote activation, resembling the
anion dependence of ClC channel gating. This indicates
that binding of external SCN is voltage-dependent.
In contrast to the behavior of ClC-4 under uncoupling
conditions, we did not detect gating alternations of coupled
transport caused by lower external [Cl] (Fig. 5). This is
similar to the described effects of external anions on
the gating of ClC-5 (46). Our explanation for this observa-
tion is the much higher binding affinity of external Cl,
when compared to SCN (14,17). Assuming sigmoidal
Michaelis-Menten binding, large gating alternations are
expected in the region around the KM value. In contrast,
at high substrate concentrations a saturating behavior is
to be expected. Therefore, to detect significant gating
changes, one has to lower the external [Cl] to values as
low as 20 mM. Unfortunately, the transport currents at
such concentrations are strongly reduced, which prevents
measurements of steady-state activation curves.
The effects of intracellular anions on ClC-4 gating
are qualitatively different from those on ClC channels.
Increased intracellular anion concentration activates ClC-0
by causing a shift in the voltage dependence of the fast gating
process to more negative potentials and by increased
minimum open probability (25). In ClC-4, increased concen-
trations of I and Cl oppose opening (Figs. 3 and 5). This
effect suggests the existence of an additional high-affinity
ion binding site at the intracellular side of the protein, and
that this site crucially determines the time- and voltage
dependence of ClC-4 currents. Experimental evidence for
such a binding site has been provided previously by
describing diverging effects of intra- and extracellular I
(and SCN) on ClC-4 currents (36).
The existence of binding sites with different affinities has
been proposed as an explanation for the asymmetric rectifi-
cation of ClC transport (17). In accordance with this hypoth-
esis, the equilibrium binding affinities of ClC-4 for external
SCN and internal Cl and I differ by approximately three
orders of magnitude, which would explain the strong recti-
fication of ClC-4 currents in the negative range. Remark-
ably, the binding affinities of Cl to the internal and
central site in the bacterial ClC protein ClC-ec1, obtainedby Picollo et al. (17), are identical with the estimated value
provided by our analysis here (~800 mM). This points to
high structural conservation between ClC-ec1 and the
mammalian ClC transporters and suggests that anion
binding to one of the two sites (Sint and Scent) in ClC-4 is
an important part involved in voltage-dependent gating in
mammalian ClC exchangers. A recent crystallographic
study of a eukaryotic ClC exchanger suggests a pore trans-
porter mechanism with very low slippage rate for anions at
the internal side of the protein (33). Based on these two
studies, we propose that the strong block by intracellular
anions observed in ClC-4 originates from binding to an
anion site, accessible for internal anions (Sint or Scent).
This will imply a very intimate relation between transport
and voltage-dependent gating in ClC transporters. A similar
intimate relation has been established for the channel branch
of the ClC protein family (31,32,47).External and internal pH dependence of ClC-4
gating
The effects of internal and external pH on ClC-4 differ
from previously reported pH modulation of ClC channel
gating and are not predicted by any existing models.
Lowering the external as well as the internal pH opens
ClC-0 and ClC-1 (26,30,31,47–49). In contrast, macro-
scopic ClC-4 and ClC-5 currents are reduced by decreasing
the external pH (35,50–52). Physiologically, the blocking
action of external protons might play a role as a feedback
mechanism preventing endosomal overacidification. We
here demonstrated that this pH-dependent current reduction
is due to changes in gating — extracellular acidification
shifts steady-state activation curves of ClC-4 to more depo-
larized potentials reducing the amount of active transporters
(Fig. 4). We observed similar behavior also for the coupled
mode of ClC-4. Block by external protons has been
reported for ClC-K and ClC-2 channels (8,53,54). In
both cases, the effects are not conferred by protonation of
the so-called gating glutamate (Gluex). ClC-K channels
lack this residue. In ClC-2, recent work has demonstrated
protonation of H532 to be responsible for regulation by
external pH (54). Therefore, additional protonation sites
might be responsible for the effects of external protons
observed in ClC-4.
We did not detect shifts in the voltage dependence of acti-
vation for 100-fold different internal proton concentrations.
This suggests that the depolarization-activated gating
process is insignificantly dependent on the intracellular
pH (Fig. 4). This is in clear contrast to many ClC channels
for which proton transport is coupled to channel gating
(28,31,49,55). This differencemight originate in the different
transport mechanisms of ClC channels and transporters. The
coupled antiport of anions and protons requires a strict
coupling between the transport of internal and external
substrates, a feature not present in ClC channels. TheBiophysical Journal 100(5) 1233–1241
1240 Orhan et al.uncoupled anion transport therefore might fail to respond to
changes in intracellular pH.
Smith and Lippiat (43) detected voltage-dependent
conformational changes in ClC-5 in the absence of permeant
anions, Therefore, a certain proportion of the gating charge
involved in the voltage-dependent gating of mammalian
ClC transporters might originate from protein conforma-
tional changes. However, such a gating charge might also
be caused from the binding and unbinding of protons.
Because internal protons do not shift the voltage depen-
dence of ClC-4 transport (Fig. 4), the origin might be,
instead, proton binding to the external gating glutamate.
This hypothesis is supported by the voltage-dependent
proton block, described for ClC-5 (52).
Structural basis of ClC-4 gating
For ClC channels, the existence of two structurally distinct
gating processes is already well established (21). Whereas
the fast gating process opens and closes individual proto-
pores, there is a slow gating process mediating cooperative
opening and closing of both protopores. A conserved external
glutamate residue (Gluex) located at the entry to the selec-
tivity filter is an important determinant of fast protopore
gating (33,56,57). ForClC-4, there is some evidence support-
ing the idea that the depolarization-induced gating process
corresponds to the fast gating in ClC channels. For example,
it is eliminated by neutralizing the conserved glutamate side
chain, the gating glutamate involved in fast gating (16,35,56).
However, because mutations at this position affect slow
gating as well (24,48,58), this finding is not sufficient for
the unambiguous assignment of the observed ClC-4 gating
processes to the fast or slow gating of ClC channels.
Physiological relevance of voltage-dependent
gating in ClC transporters
Recent data suggested that endosomal accumulation of Cl
by intracellular ClC exchangers such as ClC-5 and ClC-7 is
physiologically important (59,60). There is no indication
that ClC-4 should be considered different. Because of its
intracellular localization, ClC-4 is exposed to low [Cl] at
its extraendosomal side. Lowering of cytoplasmic [Cl]
will reduce the driving force for Cl-Hþ exchange and
impair anion accumulation. Gating of ClC exchangers might
compensate for this effect. At a concentration of 10 mM, the
transport probability strongly increases at ~0 mV (Figs. 3
and 5). Such changes will affect macroscopic transport rates
and thus modify endosomal pH and [Cl]. Enhanced activa-
tion at low intracellular [Cl] might therefore keep anion
transport constant despite the lowered electromotive driving
force.
Some of the findings reported here are obtained exclu-
sively under strong uncoupling conditions. Therefore
further studies will be necessary to define the physiological
importance of these processes.Biophysical Journal 100(5) 1233–1241For many years, voltage-dependent gating of intracellular
ClC exchangers has been assumed unimportant. We here
reported what we believe to be novel regulatory roles of
anions and protons that might ensure endosomal acidifica-
tion and anion accumulation over varying cellular condi-
tions and point to the physiological significance of these
functional features.SUPPORTING MATERIAL
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